The effect of heat treatment on the microstructure, hardness and density of sintered (1129°C, 45 min) specimens of iron-base powder alloys containing 0.8 -2.5% C, 2% Cu and additives of chromium-and molybdenum-alloyed Astaloy E iron powder is studied.
INTRODUCTION
The advantages of powder metallurgy in the production of parts for various industries are well known [1, 2] . An important parameter of this process in the final density of the article [1, 3, 4] . The density of a sintered material is elevated by introduction of chromium, molybdenum and copper [3, 5] , though copper may cause growth in the sizes of the article [6, 7] . Carbon is commonly introduced by adding graphite to the iron powder. The hardenability of a sintered material is raised by introduction of molybdenum and chromium, which commonly raises the wear resistance and the density at elevated temperatures [8 -10] .
The aim of the present work was to study the effect of quenching on the microstructure and hardness of sintered Fe -C alloys with chromium, molybdenum, manganese and copper additions introduced in the form of an alloyed iron powder Astaloy E.
METHODS OF STUDY
We manufactured the alloys from powder iron AHI 100.29 and pre-alloyed iron powder Astaloy E, both of which were supplied by the Höganäs Company. The AHI 100.29 powder was obtained water atomization and contained less than 0.01% C; the total content of oxygen was 0.12% [11] . The Astaloy E powder had the following chemical composition by the data of the producer [11] (in wt.%) 6 : 0.01 C, 5.2 Cr, 1.1 Mo, 0.3 Mn, 2.0 Cu, 1.0 Si, 0.5 P, 0.14 oxygen (in total), the remainder Fe.
The powders were mixed in a V-shape mixer for 45 min; the weighed portion was 50 g. The mixtures contained 0.8, 1.0, 1.8 and 2.8% C in the form of graphite, 2% copper powder, 0, 1, 5, 10, 20 and 40% Astaloy E powder and 1% zinc stearate (lubricant). The electrolytic copper powder (Höga-näs) with purity 99.9% consisted of spherical particles 20 mm in size. The size of the graphite particles was less than 10 mm. Figure 1 presents the structure of the powders.
Specimens in the form of tablets 20 mm in diameter and 10 mm high were prepared using a tungsten carbide mold and two tungsten carbide punches. The hydraulic press developing a force of 1000 kN was equipped with a floating die mechanism for two-side compaction at a pressure of 600 MPa.
The sintering was performed at 1120°C for 45 min in an EX.1500-6L laboratory furnace at a low pressure of hydrogen obtained by dissociation of ammonia. In this reducing at-mosphere the sintering of the iron powder was activated [12] . To remove the stearate, we held the specimens in the furnace at 760°C. The specimens obtained were hardened by austenitizing at 1000°C for 15 min and cooling in air, oil or water.
The Archimedes density was determined by the formula [12] :
where D is the density of the specimen, W d is the mass of the dried specimen, W w and W s are the masses of the specimen after immersing into paraffin and of water, respectively. To study the structure of the alloys we used an IMM-420 optical microscope and a scanning electron microscope. The metallographic specimens were etched in a 2% nital solution. The Rockwell B and C hardness was measured at a load of 300 and 500 N respectively. The microhardness was determined using a Mitutoya HV-112 device at a load of 1 N with a hold for 1 sec. We calculated the average hardness values after making 10 measurements at random points of the specimen.
RESULTS AND DISCUSSION
The data of Table 1 and of Fig. 2 show that the density of the specimens increases with the carbon content and the content of the added Astaloy E powder. After the quenching the density increases too. By the data of [13] , carbon in combination with Astaloy E lowers the porosity of the alloy at high sintering temperatures due to formation of a liquid eutectic [8, 13 -18] . Features of liquid-phase sintering can be observed in Fig. 3 .
If the Astaloy E powder is added in an amount below 5%, the density of the specimens does not grow much. Maximum compaction is achieved upon the introduction of 2.5% C and 40% Astaloy E powder. After austenitizing, the density of the specimens increases additionally due to lowering of their porosity.
The data of Table 1 and of Fig. 4 show that the hardness of the specimens increases upon growth of their density, i.e., growth in the content of graphite and of the alloyed powder. The values of the hardness and of the density are the highest Astaloy E, wt.% after water quenching of specimens with 2.5% C and 40% Astaloy E. The microstructure of the specimens containing 1% Astaloy E after sintering and quenching in three different environments is presented in Fig. 5a -c. After the austenitizing and air cooling the microstructure of the specimen is represented by a ferrite-carbide matrix with bainite islands (Fig. 5a ). After the oil and water cooing the structure is martensitic (Fig. 5b and c) , and the hardness of the specimens is 410 HV and 440 HV respectively. Under an optical microscope the bainitic structure looks darker [19] .
The microstructure of the specimens containing 5% Astaloy E after sintering and quenching in three different media is presented in Fig. 5d -f . The microstructure of the specimen cooled in air at a rate of about 20 K/sec includes perlite and chromium carbides that form as a result of the appearance of a liquid phase over grain boundaries (Fig. 5d ) .
The liquid phase appears due to the elevated content of the alloyed powder. At higher cooling rates martensite forms in addition to carbines in the regions of existence of liquid phase ( Fig. 5e and f ) . After the cooling in oil and in water the microhardness of the martensite is 420 HV and 470 HV, respectively; that of the carbides is about 710 HV.
CONCLUSIONS
1. Addition of an iron powder alloyed with chromium, molybdenum and manganese (Astaloy E) into the mixture of iron powder and graphite provides an effect of liquid-phase sintering and elevation of the density and hardness of the sintered material.
2. Air cooling of the sintered powder material yields a structure represented by a ferrite-perlite matrix with bainite and carbide islands; Oil or water cooling produces a structure of martensite and a carbide phase. Notations: r s ) density after sintering; r st ) density after sintering and heat treatment; HRB and HRC ) hardness after sintering and after quenching in different media. Dependence of the hardness of the powder material on the content of carbon and Astaloy E powder (the arrow marks the direction of growth in the density after the sintering) (a) and on the content of Astaloy E (at a constant carbon content of 2.5%) and the quenching cooling medium (b ).
